ase-Diaminopimelic acid (1:5-diaminopentane-1:5-dicarboxylic acid) is symmetrical about the ycarbon atom and contains two asymmetric centres; it has three stereoisomers, namely the LL, DD and meso (internally compensated) compounds. It appears to be confined to bacterial organisms and is widely distributed among them (Work & Dewey, 1953) . Diaminopimelic acid was originally isolated from hydrolysates of Corynebacterium diphtheriae and Mycobacterium tuberculosi8, and the suggestion was made that it was the meao isomer because of its optical inactivity and its behaviour in the presence of the L-amino acid oxidase of Neuro8pora (Work, 1951) . Subsequent evidence obtained with diaminopimelic acid decarboxylase supported this view Dewey, Hoare & Work, 1954) , but rigorous proof could not be obtained without a supply ofthe authentic meso isomer.
Diaminopimelic acid has also been isolated from the culture filtrate of the lysine auxotroph E8cheri-chia coli 26-26 (Work & Denman, 1953; Wright & Cresson, 1953) . Both groups of workers found that this diaminopimelic acid had a slight positive rotation when first crystallized, but after several recrystallizations it was optically inactive. Wright & Cresson suggested that some LL isomer was present in addition to the meso isomer. This paper describes the isolation from the mutant culture filtrate of a highly dextrorotatory compound which proved to be LL-diaminopimelic acid. The isomeric forms of all the naturally occurring diaminopimelic acids were established by direct comparison with the authentic isomers, made available by the resolution of synthetic diaminopimelic acid (Work, Birnbaum, Winitz & Greenstein, 1955) . The enzymic decarboxylation, growth-promoting properties and natural distribution of the isomers have also been investigated.
Preliminary reports of these results have already been given (Hoare, 1955; Hoare & Work, 1955 a . For convenience these stereoisomers are described as 'resolved' throughout the present paper.
'Diphtheria' diaminopimelic acid was prepared from hydrolysed toxin-extracted C. diphtheriae as described by Work (1951) .
'Mutant' diaminopimelic acid was prepared from the culture filtrate of E8ch. coli 26/26 by the method of Work & Denman (1953) , with the following quantitative modifications. Batches (81.) of culture filtrate were prepared and concentrated as described; half of the product was then chromatographed at laboratory temperature on a column (4-8 cm. x 50 cm.) of Zeocarb 225 (8 %-crosslinked, 60-200 mesh). 1-5N-HCI (10 1.) and 2-5N-HCI (2 1.) were run through the column and discarded; the next 1-2-1-5 1. of 2'5N-HCI contained diaminopimelic acid, and, unless otherwise stated, this fraction was combined with the equivalent fraction from the other half of the culture filtrate and worked up as previously described, except that chloride was removed by electrodialysis.
Free diaminopimelic acid was crystallized from boiling water or from aqueous ethanol. Diaminopimelic acid monohydrochloride was crystallized from a highly concentrated solution of amino acid made slightly acid with HCI, by addition of acetone until a permanent visible turbidity was produced. The crystalline hydrochloride was dried in vacuo over CaCl2 at room temperature.
Diaminopimelic acid decarboxylae. The crude enzyme was a preparation of acetone-dried Aerobacter aerogenes grown for 24 hr. at 250, with compressed-air aeration, on the minimal medium of Davis & Mingioli (1950) (Rhuland, Work, Denman & Hoare, 1955) . The latter solvent system separates DD-and .L-diaminopimelic acid; the meso and DD isomers behave identically. All the other naturally occurring amino acids, with the exception of cystine, travel faster than diaminopimelic acid. Micro-organisms were extracted with alcohol as described by Lindan & Work (1951) or hydrolysed as described by Work & Dewey (1953) . Neutral amino acid fractions of hydrolysed organisms were usually prepared for enzymic or chromatographic examination by electrophoresis of 200 pl. of hydrolysate on Whatman no. 3 paper, using 0-5M ammonium acetate buffer, pH 5 0, the neutral fraction being eluted with water (Salton, 1953) . When larger amounts were required, or when preparative desalting of diaminopimelic acid was carried out, the appropriate size of electrodialysis apparatus was used (Work, 1950 The dextrorotatory samples on paper chromatography gave two spots (see Fig. 1 , spot 4), the one corresponding with LL-diaminopimelic acid being the weaker. The optically inactive material gave only one spot, corresponding with either me8o-or DD-diaminopimelic acid (spot 5). the diaminopimelic acid did not come off the column as a single symmetrical peak. In one preparation from a single batch of culture filtrate, both the column runs produced a late peak of about 300 ml. at the end of the main diaminopimelic acid peak of 960 ml. The materials in the two peaks were worked up separately as the hydrochlorides without preliminary desalting; the first precipitation with acetone resulted in an oil, but, on dilution of the oil with water and addition of acetone, crystals were produced, 1-09 g. from the main fraction and 0-07 g. from the late peak. After one recrystallization, examination of the late peak fraction showed it to be pure LL-diaminopimelic acid monohydrochloride ( Table 1) . The main fraction, with the same analysis, had a specific rotation of + 19-0. It is evident that the unusually highrotation ofthis main fraction was due to the fact that it was crystallized throughout as the hydrochloride; the LL isomer was therefore not removed by recrystallization as was usually the case in routine preparations where crystallization was carried out as the free amino acid. Subsequent attempts to repeat the separation of LL isomer during routine preparations of 'mutant' diaminopimelic acid with the large column were not always successful. Experiments were therefore carried out on a small scale under carefully controlled conditions. When 100 cm. or 50 cm. columns of Zeocarb 225, 8% cross-linked, 100-200 mesh were used, no separation was achieved with 2 5N-HCI as eluting agent, the diaminopimelic acid peak being completely symmetrical. However, when 1-5N-HCI was used on a 50 cm. column, the peak was not symmetrical (see Fig. 2 ), the shape being dependent on the temperature. Chromatographic examination of various fractions at different stages of the elution showed that each isomer was affected differently by changes in temperature. At room temperature the meao isomer emerged slightly ahead of the LL isomer; at +20 the LL isomer was the first to appear. On raising the temperature to 350, the slowest-moving fraction contained only the LL isomer. It was concluded from these results that, as the original separation of pure LL isomer from the later fraction of the large (unjacketed) column occurred in July 1953, a slightly raised room temperature was possibly responsible for the effect, the actual separation occurring during the passage of the 1-5N-HCI through the column. Reducing the degree of cross-linkage of the resin to 4% produced a symmetrical peak with 1-5N-HCI at 18°, whereas 12 % cross-linked resin produced similar results to the 8% at 18°.
In all cases where a separation of isomers was achieved, it was so slight as to be useless for preparative work.
Enzyme 8tudie8: action of diaminopimelic acid decarboxyla8e on i8omer8 Samples of diaminopimelic acid, prepared as described from the mutant culture fluid, were incompletely decarboxylated by purified decarboxylase preparations, the extent of decarboxylation varying from 75 to 90 % in different preparations.
In contrast, diaminopimelic acid isolated from C. diphtheriae was completely decarboxylated. Crude enzyme preparations completely decarboxylated diaminopimelic acid from both sources. The residual diaminopimelic acid from decarboxylation of the 'mutant' samples by the purified enzyme was separated by paper electrophoresis and found to be completely decarboxylated to cadaverine by crude enzyme, but to undergo no appreciable decarboxylation in the presence of the purified enzyme. These results indicated the presence of two components in the mutant material, the proportions varying from batch to batch. The exact identity of these components was not established untilpure isomers of diaminopimelic acid had been prepared and tested with the different decarboxylase preparations.
The effect of crude and purified decarboxylase preparations on the isomers of diaminopimelic acid is shown in Figs. 1 and 3 purified enzyme +me8o; * purified enzyme +LL. (The gas evolution with crude enzyme was greater than that with the purified enzyme, since the crude enzyme contained lysine decarboxylase.) Vol. 6I 565 DD isomer was not decarboxylated by either preparation, and did not inhibit the decarboxylation of the meso isomer when the isomers were present in equimolar concentration. The LL isomer was slowly and completely attacked, after a lag of 10-20 min., by the crude cells. No two purified enzyme preparations had the same effect on the LL isomer; some had practically no effect, while others produced a slow, incomplete decarboxylation. The ratio, Qco2 me8o/Li,, varied between 30 and 12 and appeared to drop on prolonged storage of the enzyme preparations. The behaviour of each of the pure isomers obtained from mutant culture fluid was identical with that of the respective resolved isomers (Table 2 ). Chromatographic examination of the reaction products of the natural diaminopimelic acid samples treated with the crude enzyme showed that all the diaminopimelic acid present had been decarboxylated to cadaverine, proving the absence of the DD isomer.
Diaminopimelic acid from hydroly8ates of Corynebacterium diphtheriae This optically inactive material was identical with me8odiaminopimelic acid. It was completely decarboxylated to lysine by purified decarboxylase, and to cadaverine by the crude enzyme preparation: in both cases it was decarboxylated at rates identical with the rates of decarboxylation of authentic me8odiaminopimelic acid (Table 2) . Chromatographic evidence showed that it was completely free from the LL isomer (Fig. 1, spot  10 ).
Diaminopimelic acid in unfractionated bacterial culture filtrates, cell exctracts and hydrolysates The culture filtrate from Esch. coli mutant 26-26 was examined by paper chromatography in methanol-HCl-pyridine, without preliminary concentration or desalting (Fig. 1, spot 11 ). It contained approximately equal amounts of LL-and meso-diaminopimelic acid and no other detectable amino acids at the level examined. The desalted culture filtrate was treated with crude decarboxy-'Ue; o.ll the diaminopimelic acid present was converted into cadaverine, indicating the absence of the DD isomer. This mutant accumulated diaminopimelic acid only when the original lysine content of thegrowthmediumwas 10-15mg./l. (Dr B. D. Davis, private communication). At lysine levels of 30 mg./ 1. or over, no diaminopimelic acid was detected even when large amounts of desalted medium were examined.
Alcoholic extracts of the E8ch. coli cells which had accumulated diaminopimelic acid in the culture filtrate also contained large amounts of both isomers in approximately equal proportions (spot 12) . Mutant cultures grown on 30 mg. of lysine/l. and wild-type Esch. coli ATCC 9637 had no diaminopimelic acid in their alcoholic extracts. The hydrolysed ethanol-extracted cell residues of mutant or wild-type Esch. coli cultures contained only m7esodiaminopimelic acid.
Crude or electrodialysed hydrolysates of various bacteria were examined by paper chromatography (see Fig. 4 for examples) 
Ath. Aero. Fig. 4 Growth-promoting activity of isomer8 of diaminopimelic acid for Escherichia coli 173-25 The diaminopimelic acid auxotroph, Esch. colti 173-25 (Davis, 1952) , was sown on agar plates containing minimal medium (Davis & Mingioli, 1950) supplemented with one of the three isomers of diaminopimelic acid (0-1 /M), each with or without additional L-lysine (0 1 /M). After 24-48 hr. at 370 the organism had grown equally well on meso-and LL-diamlinopimelic acid, growth being in both cases much greater when lysine was also present. There was no growth on the DD isomer with or without lysine.
DISCUSSION
At the time when the meso structure was originally suggested for the optically inactive diaminopimelic acid from C. diphtheriae, no other naturally occurring meso amino acid was known. Since then, the lanthionine of antibiotics has been shown by chemical degradation to be the meso isomer (Alderton & Fevold, 1951) . Diaminopimelic acid, unlike lanthionine, cannot be degraded to optically active amino acids, so rigorous proof for the meo80 form could not be provided without reference to the pure authentic isomers, which were not then available. Following the resolution of synthetic diaminopimelic acid, the required evidence for the meso form was obtained. The only altemative to the neso form is a racemic mixture; this was discounted by paper chromatography and enzymic decarboxylation. Confirmation for the meso structure was also obtained with the L-amino acid oxidase of Neurospora, which oxidized only one amino group of both 'diphtheria' and synthetic mesodiaminopimelic acid, but oxidized the two amino groups of the LL isomer .
The nmso isomer differs so much from the other forms in water solubility and crystallizability from aqueous ethanol that it is possible to crystallize pure meso isomer from mixtures of two or three isomers such as occur in diaminopimelic acid obtained either from Esch. coli 26-26 mutant culture ilftrate or by chemical synthesis. The meso isomer exhibits another characteristic, property: aqueous solutions on prolonged standing (even at -100) slowly yield a white insoluble precipitate. The differential solubility of the isomers is reversed in dilute hydrochloric acid-acetone mixtures, and thus pure LL-diaminopimelic acid monohydrochloride can be crystallized from a mixture of meso and LL isomers, provided that the LL isomer predominates. Hirs, Moore & Stein (1954) reported a good separation of mesocystine from the other isomers by chromatography on sulphonated-polystyrene resin; under their conditions, we obtained no separation of diaminopimelic acid isomers. The occasional slight separation of the LL isomer achieved on routine large-scale chromatography of the mutant culture filtrate, although insufficient for preparative purposes, did produce a small amount of dextrorotatory material. At this time Wright & Cresson (1953) had already suggested the presence of LL-diarminopimelic acid in 'mutant' diaminopimelic acid, but our dextrorotatory material behaved so unexpectedly towards crude and purified decarboxylase preparations that it was not then identified as LL-diaminopimelic acid. Subsequently the optical rotation and enzymic behaviour of the resolved ri isomer showed that this natural material was indeed rm-diaminopimelic acid. The apparent decarboxylation of the LL isomer by crude preparations is due to a preliminary racemization to the meso isomer (Hoare & Work, 1955 b) , which was subsequently decarboxylated (Hoare, 1955) .
'Mutant' diaminopimelic acid was originally prepared for use as a substrate for the decarboxylase. Only one or two crystallizations of the free amino acid were carried out then, since recrystallization did not influence the susceptibility of the product to the orude decarboxylase, although it did reduce optical rotation. The confusing results on the variable incomplete decarboxylation of 'mutant' dianinopimelic acid by purfied decarboxylase were not explained until it was shown that recrystallization removed variable amounts of the less susceptible LL isomer, and that different purified decarboxylase preparations varied in their capacity to attack this isomer. It has not yet been possible to decide whether diaminopimelic decarboxylase has an absolute specificity towards mesodiaminopimelic acid or whether it also slowly attacks the LL form. In certain cases the meso isomer was decarboxylated at least 30 times faster than the LL isomer. Since the relative activities towards the two isomers were so variable, both with storage time and with different preparations, the decarboxylase may be contamninated with a racemase. The product of decarboxylation of Me8odiaminopimelic acid is Llysine (Dewey et al. 1954) ; it follows that the carboxyl group which is removed is attached to the carbon atom in the D configuration. As the DD isomer is neither a substrate for nor an inhibitor of the decarboxylase, one carbon atom in the L configuration is apparently necessary for interaction with the decarboxylase. Wright & Cresson (1953) reported that synthetic diaminopimelic acid and their 'mutant' amino acid had identical growth-promoting activities for the diaminopimelic acid auxotroph Esch. coli 173-25. This does not agree with our findings that only the LL and meso isomers support growth of this mutant. Racemization of these isomers might Vol. 6I 567 I955 account for the similarity of their growth-promoting activities.
Paper chromatography of the untreated mutant culture filtrate showed that diaminopimelic acid was present as an approximately equimolar mixture of LL and meso isomers; this proved that the isomer mixture isolated by column chromatography was not an artifact produced during the purification. The soluble intracellular diaminopimelic acid of this mutant resembled closely that found in the culture filtrate. The intracellular diaminopimelic acid racemase, acting in the absence of the decarboxylase, is probably responsible for the accumulation and subsequent excretion by the cells of this isomer mixture. The order of synthesis of the isomers is not yet known. It is interesting to note that the bound diaminopimelic acid of this mutant, like that of normal E8ch. coli, is the me8o form. With a few exceptions, the meso form was found in hydrolysates of bacteria, including both 7. diphtheriae and Myco. tuberculo8is. This proves that the meso isomer isolated from these two organisms was the only form present and was not separated from an isomer mixture by fractional crystallization, as was the meso isomer isolated from the E8ch. coli 'mutant' culture filtrate. So far, rL-diaminopimelic acid has been found only in Cl. welchii and the two strains of Propionibacter examined; the significance of this distribution is not yet known.
SUMMARY

